Transmissible spongiform encephalopathy (TSE) diseases are known to cross species barriers, but the pathologic and biochemical changes that occur during transmission are not well understood. To better understand these changes, we infected 6 hamster species with 263K hamster scrapie strain and, after each of 3 successive passages in the new species, analyzed abnormal proteinase K (PK)-resistant prion protein (PrPres) glycoform ratios, PrPres PK sensitivity, incubation periods, and lesion profi les. Unique 263K molecular and biochemical profi les evolved in each of the infected hamster species. Characteristics of 263K in the new hamster species seemed to correlate best with host factors rather than agent strain. Furthermore, 2 polymorphic regions of the prion protein amino acid sequence correlated with profi le differences in these TSE-infected hamster species.
T ransmissible spongiform encephalopathy (TSE) diseases are infectious, fatal, neurodegenerative diseases of the central nervous system that affect a wide variety of mammals, including humans. In the past several decades, 3 new TSE diseases have been identifi ed in different species: chronic wasting disease of deer and elk, bovine spongiform encephalopathy of domestic cattle, and variant CreutzfeldtJakob disease of humans. Thus, a better understanding of the process of cross-species transmission is needed.
Recognition of natural cross-species transmission is not straightforward. If a disease that crosses species has clinical or pathologic features similar to those of an already well-characterized TSE disease, it may not be recognized as a cross-species infection. Furthermore, some cross-species events involve slow processes in which the TSE agent adapts over several passages before recognizable clinical disease occurs (1) .
The amino acid sequence of the prion protein (PrP) is known to be an infl uential factor for cross-species transmission of TSE disease to a new host. Multiple single nucleotide polymorphisms resulting in amino acid changes that control susceptibility to TSE disease have been identifi ed in sheep, cervids, humans, and transgenic mice (2) (3) (4) (5) (6) . Similarly, incubation periods have also been correlated with nonsynonomous single nucleotide polymorphisms in the PrP gene. For example, 2 polymorphic residues at amino acids 108 and 189 are associated with either short (Leu108/Thr189) or long (Phe108/Val189) incubation periods in mice (7) . Even a single point mutation in mice at amino acid position 101 has been shown to alter proteinase K-resistant prion protein (PrPres) deposition in brain, incubation periods, and host range (8) .
In this study, we examined molecular and biochemical changes associated with cross-species transmission in 6 hamster species of the rodent subfamily Cricetinae. All animals were handled according to the National Institutes of Health guidelines and protocols approved by the Rocky Mountain Laboratories' (Hamilton, MT, USA) Institutional Animal Care and Use Committee.
Phylogenetic classifi cation of these hamster subspecies is based on DNA sequences of mitochondrial cytochrome b gene and a portion of the NADH dehydrogenase 4 gene (9) . These 6 species diverge into 3 genera, mainly Cricetulus (including Armenian and Chinese), Phodopus (including Djungarian and Siberian), and Mesocricetus (including Turkish and Syrian) hamster species ( Figure 1 ). By inoculating each of these hamster species with a well-characterized, stable strain of Syrian hamster scrapie (263K), we were able to compare and analyze molecular and biochemical parameters of cross-species trans-mission events. To identify the cross-species transmission event, we looked for recognizable features that may have emerged in the new host. We found that each new host species presented a profi le unlike that of the original Syrian hamster host infected with 263K. These profi le changes correlated with unique PrP amino acid sequences within the 6 hamster species. This fi nding suggests that host PrP sequences can change the phenotype presentation of the agent in the host and could thereby confound identifi cation of cross-species transmission events.
Materials and Methods

Incubation Periods and Titers for Passaged 263K
The original source of 263K hamster agent came from Kimberlin et al. (10) and was passaged 3 times in Syrian hamsters at Rocky Mountain Laboratories. For cross-species transmissions, also referred to as fi rst passage, weanling hamsters from each of the 6 hamster species were intracranially inoculated with 263K stock at a titer of 2 × 10 9 lethal dose for 50% per 50 μL of a 1% brain homogenate. Clinically ill hamsters from each species were killed, and 1% brain homogenate was passaged intracranially into weanling hamster recipients of the same species (second passage). The process was repeated for a third passage. Brain homogenate from clinically ill third-passage hamsters was inoculated intracranially back into Syrian (backpassaged) hamsters.
Each hamster was killed when it had lost ≈30% of its body weight and was no longer able to remain upright and feed itself. We determined endpoint titrations for 263K, fi rst, second, and third hamster passage inocula used in these experiments for all species (except Chinese hamsters) by preparing sequential 1:10 dilutions of a 1% brain homogenate to 10 -8 or 10 -10 . Dilutions were then injected intracranially into 6-8 hamsters for each dilution, and titers were determined as described ( Figure 2 ) (11).
Immunoblot Analysis of Proteinase K-Sensitive Prion Protein and PrPres by Western blot
Proteinase K (PK)-sensitive prion protein (PrPsen) and PrPres were prepared as previously described (12, 13) . Samples were frozen at -20º C until they were subjected to electrophoresis on a 16% sodium dodecyl sulfate-polyacrylamide gel (Invitrogen, Carlsbad, CA, USA). Immunoblots were probed by using polyclonal antibody R30 to PrP (89-103 in Syrian hamsters) (14, 15) , which recognizes PrP from each of the 6 species. Blots were developed by using either enhanced chemiluminescence or enhanced chemifl uorescence according to manufacturer's instructions (Amersham-Pharmacia, Uppsala, Sweden). Enhanced chemifl uorescence blots were scanned by using a STORM fl uorescent detection system (Amersham-Pharmacia) as described previously (16) .
Sensitivity of Proteinase K
To demonstrate PrPres sensitivity to PK, we adjusted 20 μL of a 20% (wt/vol) third-passage brain homogenate in 0.01 M Tris, pH 7.3, from each species to 100 mmol/L Tris HCl, pH 8.3, 1% Triton X-100, and 1% sodium deoxycholate. Samples were treated with 25 μg/mL, 100 μg/mL, 400 μg/mL, or 1,600 μg/mL PK in a total volume of 35 μL and incubated at 37º for 1 h. The reaction was stopped by adding 2 μL of 0.1 M phenylmethylsulfonyl fl uoride and placed on ice for 10 min. Samples were then mixed in equal volumes with 2× sample buffer, boiled 5 min, and subjected to electrophoresis on sodium dodecyl sulfate-polyacrylamide gels. PrP bands were quantitated as described above.
PrP Gene Sequencing
To sequence the PrP gene open reading frame (ORF), we based primers on published regions of sequence homology between the Syrian, Armenian, Chinese hamster; rat; and mouse 
Immunohistochemistry
Immunohistochemistry procedures were conducted as previously described (12) . PrPres was detected by using R30 anti-PrP antibody (residues 89-103).
Results
Incubation Periods and Titers
Incubation periods and infectivity titers are among the criteria used to defi ne TSE strains (17, 18) . Therefore, we compared incubation periods and infectivity titers for 263K in Syrian hamsters with those observed for the 5 other hamster species. Cross-species transmission of Syrian-derived 263K to Turkish hamsters, both members of the genus Mesocricetus (Figure 1 ), had similar incubation periods (Table) . Transmission of 263K to hamsters of the genus Phodopus (Djungarian and Siberian) had incubation periods similar to each other but different from those of the Mesocricetus hamsters. Although Chinese and Armenian hamsters each belong to the genus Cricetulus, after inoculation with 263K, their incubation periods differed from each other and from those of all the other species. In most instances, we observed prolonged incubation periods when Syrian 263K was inoculated into the new hosts. Because all the hamsters received the same inoculum at passage 1, this fi nding likely refl ects the species barrier between the hosts (19) rather than inoculum titer.
Two additional passages from a donor to a recipient of the same species showed that incubation periods in most species differed considerably from those of the original Syrian hamsters (Table) . Incubation periods for the new species decreased and then became stable between second and third passage and were considerably different from those of the original Syrian hamsters (Table) . Incubation periods for Chinese hamsters were still decreasing between second and third passages. Because a fourth passage was not performed for Chinese hamsters, whether third passage refl ects the stable incubation period is unknown. Thus, for Djungarian, Siberian, and Armenian hamsters, evidence was strong for unique incubation periods in the new species by second passage after inoculation with Syrian 263K agent.
To determine whether incubation period differences for each species resulted from differing infectivity concentration in the inocula, we used endpoint titration to determine the brain titers after fi rst, second, and third passages (Table) . These determinations were not conducted for Chinese hamsters because the long incubation periods would require several additional years. When comparing fi rstpassage titers with titers in Syrian hamsters infected with 263K, the only decrease in infectivity titer was seen in Armenian hamsters (Table) . When comparing second-passage titers with titers in Syrian hamsters infected with 263K, we observed a minimal decrease in Turkish, Siberian, and Armenian hamsters. We observed no notable changes in titers among third passage animals of all 6 species, which suggests stable titers in each species by third passage.
Additional evidence for adaptation of 263K agent to the new host species was obtained by infecting Syrian hamsters with brain homogenates from third-passage hamsters. If the agent had adapted to the new species, we would expect to see differences in incubation periods. In contrast, in the absence of adaptation, we would expect reversion back to the characteristic 263K Syrian incubation period. The only hamster for which third-passage brain homogenate resulted in a decrease in incubation period was the Chinese hamster. Even so, at 168 days this incubation period still differed from the characteristic 80-day incubation period for Syrian hamsters. These results indicate that the 263K agent adapted to the new host and that each 263K-infected hamster species has a unique incubation period (Table) .
Glycoform Profi les
PrPres glycoform profi les are another criteria used to differentiate TSE strains (20) (21) (22) . Therefore, we compared PrPres glycoform profi les from each of the 6 hamster species at each passage. When Western blotting was used to compare percentages between the 3 PrPres bands (Figure 3, panel A) , the data clearly showed 2 different PrPres glycoform profi les. The Turkish hamster PrPres glycoform profi le shared similarities with that of both Syrian and Chinese hamsters. Siberian, Djungarian, and Armenian hamsters shared a second PrPres glycoform profi le. PrPres glycoform patterns from Turkish, Chinese, Siberian, and Djungarian hamsters fl uctuated noticeably over the 3 passages, which suggests a lack of stability while adapting to the new species. In contrast, PrPres glycoform patterns from Armenian hamsters did not fl uctuate over the 3 passages, which suggests a stable strain in Armenian hamsters ( Figure 3, panel A) .
We also injected brain homogenates derived from the third-passage hamsters back into Syrian hosts. We found that glycoform patterns in the Syrian recipients were the same as those ordinarily associated with Syrian hamsters (Figure 3,  panel B ), which suggests, as with incubation periods, that the host had a predominant infl uence over glycoform patterns.
PrPsen
To investigate the possibility that differences in PrPres glycoform profi les were refl ections of different PrPsen characteristics in the various hamster species, we analyzed PrPsen profi les by using Western blot. No differences were found in expression levels or banding patterns among the 6 hamster species (Figure 4, panel A) . Bands detected at 37 kDa were proven to be PrPsen because they were competed out (protein signal disappeared) when we preincubated the antibody to PrP with a synthetic peptide specifi c for the PrP epitope. Bands >37 kDa did not compete out (Figure 4,  panel B) . All PrPsen samples were PK sensitive (data not shown).
PK Resistance
PrPres resistance to PK digestion has also been used to differentiate TSE strains (23) (24) (25) . When we compared PrPres resistance to PK from 263K Syrian and third-passage Turkish, Armenian, Chinese, Siberian, and Djungarian hamsters, we found no differences in sensitivity to PK. All samples retained equivalent PrPres signals on Western blots after treatment with 25 and up to 1,600 μg/mL PK (data not shown).
Immunohistochemical Findings
Differentiation of TSE strains has also been based on regional distribution of PrPres and microscopic lesions in brains of infected individuals (18) . Therefore, we studied lesion profi les in brain from 5-8 hamsters of each species at each passage. We scored 13 areas from 0 to 4 (none to the highest degree of PrPres distribution or lesions) ( Figure 5 , Scoring Examples). Averages for each brain region were scored and compared ( Figure 5 , Regional Brain Scores). A score change >1 between species or passages was considered a notable change for that region (26) . Microscopic lesion profi les ( Figure 5 , panels A1-E1) from the 3 passages for each species were compared with those of the 263K Syrian hamsters (stained with hemotoxylin and eosin [H&E]). We found that Djungarian hamster profi les were most similar to 263K Syrian hamster profi les. Second-passage Armenian hamsters had increased vacuolation in the cortex; Turkish, Siberian, and Chinese hamsters differed in multiple regions. Lesion profi les for the 3 passages in each of the new hamster host species, such as Chinese hamsters ( Figure 5 , H&E Chinese) regions 2 and 3, did not necessarily correlate with PrPres distribution ( Figure 5 , panel PrPres Chinese) within that host.
When comparing the PrPres deposition profi le ( Figure  5 , PrPres panels [right side]) at each of the 3 passages to the Syrian PrPres deposition profi le, we found that the profi les of the Turkish hamsters were the most similar. Because Syrian and Turkish hamsters are closely related phylogenetically and share similar PrPres glycoform patterns, this fi nding was not surprising. In the other 4 species (Djungarian, Siberian, Armenian, and Chinese), PrPres distribution in the thalamus was increased (region 6) over that in the same region for Syrian hamsters. Further changes were seen in Armenian hamsters; PrPres distribution was increased in the spinal cord (region 5) and olfactory bulb (region 10). PrPres distribution patterns in Chinese hamsters diverged from those in the Syrian hamsters in almost every region except the spinal cord (region 5). In all 6 species, including our original Syrian hamster species, unique pathologic phenotypes developed. Immunohistochemical and glycoform , fi rst passage; , second passage; , third passage.
profi les for 2 of the 3 genera were independently unique, which suggests that similar host factors within those genera infl uenced these TSE characteristics.
To determine the respective contributions of the agent and host in immunohistochemical patterns, we injected brain homogenate from third-passage hamsters back into Syrian hamsters. When patterns were compared with those of 263K Syrian hamster, only a few differences from 263K Syrian were observed. Specifi cally, less PrPres was deposited in the posterior colliculus (region 2) in Syrian hamsters inoculated with brain homogenate from Chinese hamsters, and more PrPres was deposited in the thalamus (region 6) of Syrian hamsters inoculated with brain homogenate from Djungarian hamsters (Figure 6, panel A) . We also observed a decrease in vacuolation in the hippocampus (region 8) and cortex (region 9) of Syrian hamsters inoculated with brain homogenate from Chinese hamsters ( Figure 6, panel  B) . For all other hamster species inocula, no remarkable differences from 263K Syrian hamster were noted. Therefore, the host appeared to play an important role in determining immunohistochemical patterns. It is not known whether the differences seen in the Chinese and Djungarian hamsters are due to donor species effect (27, 28) , whereby a temporary change occurs as an agent is passed through a new host species, or whether selection of a new strain has occurred. To answer this question, a second passage through Syrian hamsters is needed. These results suggest that although 263K agent was substantially altered by passage through the new hamster species, in general it was not able to impart molecular characteristics like glycoform or the pathologic patterns established in the new species back to the Syrian hamsters.
Sequencing
Different PrP amino acid sequences have been associated with variation in lesion profi les, incubation periods, and susceptibility to TSE disease in humans and in sheep, cervid, and mouse models. We report the PrP gene sequences for Siberian, Djungarian, and Turkish hamsters. To determine how amino acid sequence might associate with the TSE characteristics we observed here, we compared our new sequences with the published PrP gene ORF of Syrian (29) , Chinese, and Armenian hamsters (30, 31) .
When comparing the new prnp sequences to the Syrian prnp sequence, we found considerable variation in nucleotides. Siberian hamsters had 40 nt changes, and Djungarian hamsters had 41. These nucleotide changes resulted in 10 aa substitutions for both species; only 1 aa acid substitution, I215V, distinguished sequences between Siberian from Djungarian hamsters (Figure 7) . Only Turkish and Syrian hamsters had 3 nt differences, resulting in 2 aa substitutions. An amino acid Y-to-F substitution was found at codon 6 in the signal sequence, and a heterozygous base was found at codon 103 (encoding both S and N). In addition, Turkish hamsters have a deletion of 1 octapeptide repeat (Δ81-87) on both alleles, a characteristic shared with African Green monkeys (32) . In humans, deletion of 1 octapeptide repeat occurs at a frequency of 0.5% and is not associated with disease (33, 34) . We found 34 nt changes for Armenian and 37 for Chinese hamsters, resulting in 7 aa substitutions for each hamster species, a fi nding that agrees with published data (30) . The 3 aa differences that distinguish Armenian from Chinese hamsters are located at aa positions 103, 108, and 112 (30) . 
Discussion
Of the 6 hamster species inoculated with a well-defi ned hamster scrapie source, each species not only was susceptible to the agent but also developed unique PrPres biochemical and pathologic characteristics. These characteristics, which included incubation periods, PrPres glycoform patterns, and PrPres distribution in brain, appeared to segregate into related genera with the exception of the genus Cricetulus (Armenian and Chinese hamsters). Because TSE characteristics were unique for 2 of 3 genera, a role for host factor involvement is implicated. Our data suggest that PrP amino acid sequence is the host factor responsible for the unique characteristics.
Data from our study and another experimental study (30) suggest that not only is the host responsible for determining TSE characteristics such as incubation periods but so is the agent. Our data show that closely related hamsters infected with the same strain of TSE have different incubation periods. These differences cannot be explained by differential expression levels of PrPsen because by Western blot, PrPsen expression was equivalent (Figure 4, panel A) . Also, we believe that changes in incubation periods cannot be attributed to differential infectivity titers because only minor variations in titers were found. A second set of experiments showed that the same hamster host inoculated with different strains of TSE had different incubation periods, such as hyper (65 ± 1) and drowsy (168 ± 2) (23).
Because incubation periods and altered PrPres deposition in the brain have been linked to polymorphisms in the PrP amino acid sequence (8, 35) , we investigated the possibility that PrPres biochemical and pathologic changes correlate with different host PrP amino acid sequences. When comparing the PrP gene ORF for each of the 6 hamster species, we found 13 possible amino acid substitutions localized to 2 regions, either the N or the C terminus. Hamsters from 2 genera in this study (Phodopus and Mesocricetus) maintained sequence homogeneity at these 13 residues and had very similar TSE characteristics. Hamsters of the third genus, Cricetulus, differed in PrP gene sequence at 3 amino acids within the N-terminal polymorphic region. These polymorphic changes could explain why Armenian and Chinese hamsters have such different incubation periods, PrPres glycoform patterns, and immunohistochemical profi les from each other as well as from the 2 genera Cricetulus and Phodopus. It is also possible that closely related hamsters have unidentifi ed genes that also infl uence TSE characteristics.
Our results are consistent with the published data indicating that amino acids 102-139 may control scrapie incubation periods in experimental models (7, 30, 36) . In addition, our data suggest that PrPres glycoform profi les and lesion profi les are also associated with this region. Armenian and Chinese hamsters, both in the genus Cricetulus, show signifi cant differences from each other, having only 3 aa substitutions at residues 103, 108, and 112 in this N-terminal polymorphic region. In contrast, amino acid sequences from Djungarian and Siberian hamsters were the same in this region, and those from Turkish hamsters matched those from the Syrian hamsters. These fi ndings suggest a direct role for these residues and the N-terminus in determining TSE characteristics. In addition, all 3 genera differ from each other at residue 139, the same position thought to participate in the hydrophobic core potentially stabilizing PrPsen in mice (37) . The unstructured nature of this region has led some investigators to consider this stretch of residues as a potential nucleation site for conver- Figure 7 . Sequences of prion protein for 3 hamster species. Hamster genomic DNA was purifi ed from whole uninfected hamster brain tissue by using the QIAamp DNA blood maxi 10 kit columns and the solutions and tissue protocol from QIAGEN Dneasy Blood and Tissue kit (QIAGEN, Valencia, CA, USA). PCR products were amplifi ed by using both PuReTaq Ready-To-Go PCR beads (GE Healthcare, Piscataway, NJ, USA) and Expand HighFidelity Taq polymerase (Roche Diagnostic Corp, Indianapolis, IN, USA). Successful amplicons were purifi ed by using QIAquick PCR Purifi cation kit (QIAGEN) according to manufacturer's recommendations and sequenced by using their respective forward and reverse PCR primers with an ABI 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA, USA). Sequence data were stored in the FINCH data management system (Geospiza, Seattle, WA, USA). Assembly and comparisons were made against the Syrian prion protein gene sequence by using Sequencher (Gene Codes, Ann Arbor, MI, USA). Amino acid substitutions are indicated; otherwise, sequence matches that of Syrian hamster.
sion of PrPsen to PrPres (37) . Sequence differences in this position may dramatically affect initial conversion events.
Certain amino acid substitutions may play only a minor role in TSE strain profi les. For instance, residue V215T is thought to be responsible for the structural differences between mouse and hamster PrPsen by introducing a bend in helix 3 (38) . From our data, T215V/I substitutions may have had a minor in vivo effect with respect to TSE characteristics. Djungarian and Siberian hamsters differed only at this amino acid and had similar glycoform and IHC patterns as well as incubation periods.
Amino acid substitutions identifi ed in this study segregated into genera with similar incubation periods, glycoform profi les, and brain pathologic changes. Because we used only 1 TSE agent, these changes can be attributed to the host factors and not to the agent. A previous study of 3 hamster species also concluded that host rather than agent had a predominant role in determining biochemical and molecular PrPres attributes (30) . Because host factors seem to play a larger role in determining the TSE profi le, identifying the source of infection in cross-species infections may be diffi cult, which would be especially worrisome when species important to humans (e.g., sheep, cattle, cervids) are involved. These ruminant species are heterogeneous and not nearly as closely related as the hamsters studied here.
Our study links PrP amino acid sequences to biochemical and pathologic profi les of PrPres in multiple hamster species infected with 263K hamster scrapie. To further investigate how specifi c amino acid substitutions in PrP are associated with specifi c TSE characteristics, these hamster and similar PrP gene sequences could be expressed in tissue culture assays and protein modeling experiments. The results of these experiments could broaden our understanding of TSE profi les and the role that PrP amino acid residues play, possibly leading to assays that could identify instances of cross-species transmission.
